Urban flooding is an increasing problem in developing countries, thus understanding flood dynamics is necessary to establish guidelines on urban development and flood management. This paper studied the lower reaches of the Andalien River basin, situated on the coast of the Greater Concepcion Metropolitan Area (CMA), the second most urbanized area in Chile. This basin experienced a record 21 flood events in the last 50 years. Patterns in the evolution of urban growth were evaluated using a historical analysis ) that specifically focused on how these patterns interact with zones that are prone to flooding over different return periods. Our model applied to the CMA, but is sufficiently transversal to be applied in similar areas. It was determined that the built-up area increased by 1457 ha and had an urban form vulnerable to future flooding due to its location on landforms exposed to flood risk, with altitudes of <8 m and slopes of <0.5 • . The bankfull channel of the Andalien River lost 18.4% of its area. Upstream, management of the river decreased smaller floods for a return period of two, five, and 10 years; however, for a return period of 500 years, risk remained at high levels. These findings help to rethink and improve urban planning and the response of Chilean cities in relation to flood hazard.
Introduction
Floods are natural processes in river systems [1, 2] ; however, humans have occupied and urbanized floodplains for their urbanization attractiveness due to planar morphology and water availability [3, 4] . The latter has translated into the growth of flood risk zones for human settlements and infrastructure due to a greater concentration of people and structures [5, 6] . Recent urban growth has not taken into consideration the space that rivers require to temporarily store flows during floods [3] . Global efforts have focused more on implementing flood control infrastructure such as dykes, dams, and channelization, but despite these efforts, modern cities remain vulnerable to flood risk [7] .
Throughout the world, cities have been affected by the increasing impacts of floods; in the period 1998-2008, more than 2900 events were registered [8] . Recent estimates indicate that urban zones exposed to flooding will increase 2.7 times by the year 2030 [9] . Globally, the previewed scenario shows an increase in the frequency and magnitude of floods due to the changes in precipitation patterns resulting from climate change and accelerated urban expansion [10] [11] [12] [13] . It is estimated that by 2050, 70% of the world's population will be concentrated in urban areas. Of principal concern is the urban
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Area of Study (CMA)
In this study, the effects of urban flooding were examined in the Andalien River Basin (715 km 2 ), located in the area of CMA (region of Biobio, Chile) ( Figure 1 ) (36 • S). The lower section of the Andalien River represents 4% of its area; however, 90% of the basin population resides within that section [43, 44] , in the municipalities of Concepcion and Talcahuano, where poverty rates reach 14.6% and 17.6%, respectively [45] . Urban occupation is characterized by urban sprawl and low density, especially in the periphery [46, 47] . Urbanization has modified large sections of the river channel, resulting in various environmental effects including: biodiversity and habitat reduction; deterioration of vegetation cover; and waterlogging and flooding [48] [49] [50] [51] [52] . In particular, flooding in the Andalien basin is recurrent and in the period of 1960-2010, 21 events were recorded. The cost of the 2005 flood disaster was $6.5 million USD at the regional level, affecting both periphery and consolidated urban zones [53, 54] . 
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In this study, the effects of urban flooding were examined in the Andalien River Basin (715 km 2 ), located in the area of CMA (region of Biobio, Chile) ( Figure 1 ) (36° S). The lower section of the Andalien River represents 4% of its area; however, 90% of the basin population resides within that section [43, 44] , in the municipalities of Concepcion and Talcahuano, where poverty rates reach 14.6% and 17.6%, respectively [45] . Urban occupation is characterized by urban sprawl and low density, especially in the periphery [46, 47] . Urbanization has modified large sections of the river channel, resulting in various environmental effects including: biodiversity and habitat reduction; deterioration of vegetation cover; and waterlogging and flooding [48] [49] [50] [51] [52] . In particular, flooding in the Andalien basin is recurrent and in the period of 1960-2010, 21 events were recorded. The cost of the 2005 flood disaster was $6.5 million USD at the regional level, affecting both periphery and consolidated urban zones [53, 54] . Regarding the physical aspects, the basin is predominantly mountainous (granite ridges occupy more than 60% of the area). Granitic platforms occupy 20% of the total area, while alluvial plains and terraces represent less coverage downstream [55, 56] . The annual precipitation ranges from 1200 mm in the lower reaches of the basin, to 1600 mm in the top section due to orographic control [57] . The precipitation in the basin is concentrated in 4 winter months (70%), where episodes of five days of continuous precipitation were common, with 124 mm/24 h in June in both 1974 and 2006 [43, 46, 54] . The average annual discharge reaches 14 m 3 /s at the closing flow gaging station of the basin, and reaches 565 m 3 /s and 634 m 3 /s during a flood of T = 50 and T = 100 years, respectively, with a time of Regarding the physical aspects, the basin is predominantly mountainous (granite ridges occupy more than 60% of the area). Granitic platforms occupy 20% of the total area, while alluvial plains and terraces represent less coverage downstream [55, 56] . The annual precipitation ranges from 1200 mm in the lower reaches of the basin, to 1600 mm in the top section due to orographic control [57] . The precipitation in the basin is concentrated in 4 winter months (70%), where episodes of five days of continuous precipitation were common, with 124 mm/24 h in June in both 1974 and 2006 [43, 46, 54] . The average annual discharge reaches 14 m 3 /s at the closing flow gaging station of the basin, and reaches 565 m 3 /s and 634 m 3 /s during a flood of T = 50 and T = 100 years, respectively, with a time of concentration at 10-12 h [58] . In its lower reaches, the main tributary corresponds to the Nonguen stream, which establishes a regular flow with an average discharge rate of 1 m 3 /s. However, during storms, this rate can reach 83 m 3 /s for T = 100 years [59] .
Methodology
This study employs the approach that integrates geospatial data on floods levels, which were analyzed with regard to landforms transformations and their relationship to urban growth, using aerial photographs from the period 1943-2011, georeferenced using GPS instruments. Subsequently, flood disaster modeling was performed for different return periods (T) considering the interaction of three risk factors: hazard, historical recurrence, and vulnerability. ) and covering a period of approximately 11 years were interpreted. For georeferencing, we used the Trimble R-4 dual-frequency GPS model with geodetic linkage. The procedure was performed in ArcGIS 9.3 (ESRI: Redlands, CA, USA), using second order polynomial transformations. We obtained the pixel representativeness (PR) (Equation (1), Table 1 ) and the root mean square error (RMSE) (Equation (2), Table 1 ) [60] .
RMSE was calculated through input and output coordinates of the fit model. Where, X i and Y i correspond to original input coordinates from the control points (GCPs); X i and Y i correspond to output coordinates according to the fit functions in the same point of the image. N is equivalent to the number of control points used in the process of georeferencing. Values of RMSE for this study ranged from 0.24 m to 2.26 m. We used a geomorphological sketch and the previous geological classes as a basis for production of the geomorphological map [61, 62] . Identification and classification of detailed landforms and updates of recent geomorphological and urban changes were made in two field campaigns, and were supported by the use of GPS and aerial photographs from 2011. Two geomorphological maps were obtained, the first representing the baseline year of 1943, and the second the evolution of built-up areas and recent geomorphological changes. Linear regression was used to evaluate the tendencies of geomorphological units in relation to urbanization.
Changes in the river drainage network were evaluated considering the channel length and bankfull area [63] . To do this, the lower section of the basin was divided into three reaches according to their physical characteristics: Reach-1 was from the mouth of the river to 6.2 km, representing a section of the estuary. Reach-2 was from 6.2 km to 15 km, presenting typical river characteristics (this segment has concentrated urbanization). Finally, Reach-3 corresponded to the Nonguen stream. To assess significant trend changes in the river drainage network we used the Mann-Kendall test and Sen's estimator [64] [65] [66] .
Analysis of River Disasters
The Total Flood Risk (R T ) was defined using a model which considered the interaction of three factors: Hazard (HR); Historical Recurrence (RH); and Vulnerability (V T ) [67] . In this model, flood hazard, depth and velocity are essential components in which to evaluate potential damage [68] . Vulnerability corresponds to the conditions (economic, social, physical) that can increase the susceptibility of a community to the impact of flooding [4] . Historical recurrence was defined as a validating factor for hazard analysis, representing the significant history of the flood area on a temporal and spatial level; for the purposes of this study, it corresponded to the flood of 2006. The Total Flood Risk is represented mathematically as Equation (3):
The hazard rating of flooding (HR) was defined in terms of probability of damaging humans using the velocity and depth of flow shown in Equation (4). The hazard map was made for the return periods (T) of two, five, 10, 25, 50, 100, and 500 years. HR was calculated in raster format according to the Environment Agency Flood and Coastal Defence Programme of London [69] :
where h corresponds to flood depth (m), v to velocity (m/s) and d f to debris factor (0-1 score). The degree of flood hazard for people is low if HR < 0.75, moderate if 0.75 < HR < 1.5, high if 1.5 < HR < 2.5, and extreme if HR > 2.5. Velocity and flood depth were calculated using one-dimensional (1D) hydraulic modeling with HEC River Analysis System HEC-RAS 4.1 software developed by the US Army Corps of Engineers [70] . The discharge data for different periods of return were obtained from Arrau Ingeniería [56] . The most critical downstream flow boundary conditions for days when there were flooding events in the basin were obtained from the tide gauge records of Talcahuano Port and the Tide Tables provided by the Hydrographic and Oceanographic Service of the Chilean Navy (SHOA in Spanish). A downstream flow boundary condition was defined as 1.97 m.
To obtain geometric data of the lower section of the river, we carried out a topo-bathymetric survey post-2010 Chilean earthquake (Mw = 8.8). Topography was completed by two LIDAR (Light Detection and Ranging) flights; the first one with a resolution of 2.5 m (Maritime Port Research Centre; CIMP in Spanish), while the area closest to the river channel was completed with a one meter resolution flight (Administration of Hydraulic Works). Due to the problems that LIDAR flights have penetrating beneath the surface of the water, the bathymetry was made using two data sources: (1) from the mouth of the river to four kilometers, using the GARMIN echo sounder model FF400C, whose transducer was installed on the side of a fishing boat and supported by a TRIMBLE R-4 dual-frequency GPS, and linked to geodetic points; (2) from 4 to 12 km, considering the low depth, a correction of the river channel was performed for the criteria of the slope [56] . The coordinate system used corresponded to WGS_1984_UTM_Zone 18 S, and altitude data was referred to the mean sea level (MSL).
Corrected LIDAR data generated a DEM (Digital Elevation Model), through which 272 cross-sections, developed through the HECgeo-RAS 4.3.1 extension of ArcGIS 9.3, were obtained [71] . Each profile had a variable equidistance between 50 and 100 m according to conditions of local topography. Manning's n value coefficient was used for the channel and floodplain in each section [72] , which were obtained by observation and geo-referenced photographs in the field. The Manning's coefficient was calibrated using previous work [73] . The validation of the hazard model was performed using the flood of 2006, interview data obtained in the field (Figure 2 ), aerial photographs, and collected press data [50] . Total vulnerability ( ) spatially refers to the location of exposed and vulnerable elements, and the deficiencies of their structures to absorb or recover from a flood [67] . We defined six thematic layers of interest (Table 2 ) in raster format (1 m × 1 m). For variables 1-5, demographic information by city block was used from the 2002 census (National Statistics Institute) [74, 75] . Vulnerability scores were determined on a scale of 0-10 [29] , where the maximum value corresponded to a high level of vulnerability. Individual classes of variables 1-4 were normalized using Equation (5) [41] . The classes of variables five and six were established by previous studies [41, 76, 77] .
where represents the normalized (0-10) value for the number of inhabitants per block. the number of habitants of each block and the maximum number of inhabitants per block of study area.
The thematic layers were integrated through multi-criteria evaluation. Relative weights of each sector were established by a survey of 10 experts using the Delphi method. To determine the degree of agreement of the assessments provided by the experts, Kendall's coefficient of concordance W (∝ = 0.05) was applied. The value of W = 0.60 was obtained, indicating that experts applied the same standards to assign weight to thematic layers (p = 0.003). Subsequently, a normalized matrix was made, allowing us to use a linear average to obtain the individual vectors associated with each thematic variable of interest. Integration of the layer was performed using the Weighted Overlay extension of ArcGIS 9.3 Spatial Analyst Tools for Equation (6):
where F represents each factor of the vulnerability score reclassified (Score vulnerability), and W (relative weight) is the relative score by weight of influence. Total vulnerability was reclassified into five categories: (1) very low; (2) low; (3) moderate; (4) high; and (5) extreme. The total risk for each period of return ( ) was measured according to the factors of hazard and vulnerability that were integrated into a matrix. Through multiplication, four levels of risk were obtained: low, moderate, high, and extreme, with scores of 1-20 (Table 3 ). Total vulnerability (V T ) spatially refers to the location of exposed and vulnerable elements, and the deficiencies of their structures to absorb or recover from a flood [67] . We defined six thematic layers of interest (Table 2 ) in raster format (1 m × 1 m). For variables 1-5, demographic information by city block was used from the 2002 census (National Statistics Institute) [74, 75] . Vulnerability scores were determined on a scale of 0-10 [29] , where the maximum value corresponded to a high level of vulnerability. Individual classes of variables 1-4 were normalized using Equation (5) [41] . The classes of variables five and six were established by previous studies [41, 76, 77] .
where NHN represents the normalized (0-10) value for the number of inhabitants per block. Hmanz the number of habitants of each block and NHmanzmax the maximum number of inhabitants per block of study area. The thematic layers were integrated through multi-criteria evaluation. Relative weights of each sector were established by a survey of 10 experts using the Delphi method. To determine the degree of agreement of the assessments provided by the experts, Kendall's coefficient of concordance W (∝ = 0.05) was applied. The value of W = 0.60 was obtained, indicating that experts applied the same standards to assign weight to thematic layers (p = 0.003). Subsequently, a normalized matrix was made, allowing us to use a linear average to obtain the individual vectors associated with each thematic variable of interest. Integration of the layer was performed using the Weighted Overlay extension of ArcGIS 9.3 Spatial Analyst Tools for Equation (6):
where F represents each factor of the vulnerability score reclassified (Score vulnerability), and W (relative weight) is the relative score by weight of influence. Total vulnerability was reclassified into five categories: (1) very low; (2) low; (3) moderate; (4) high; and (5) extreme. The total risk for each period of return (R T ) was measured according to the factors of hazard and vulnerability that were integrated into a matrix. Through multiplication, four levels of risk were obtained: low, moderate, high, and extreme, with scores of 1-20 (Table 3) . Figure 3 shows the geomorphology and the built-up area occupied by the city of Concepción in 1943. Within this area, the lower reaches of the Andalien River basin occupied 13,597 ha. Erosion relief accounted for 69.5% of the area and the main units corresponded to: ridges of water erosion of the Coastal Range formed by Paleozoic granite, which represented 62.7% of the relief sector; and 6.5% corresponded to wave-cut platforms of the Eocene and late Pliocene period. All these reliefs had altitudes higher than 20 m.
Results
Analysis of Physical Transformations and their Relationship to Urban Growth
The main accumulation reliefs are located next to the river and the coast. 12.4% corresponded to the quartz sand plain of the Andalien River; 6.72% to the black basalt sand plain of Biobio River from the recent Pleistocene-early Holocene period, and the unit of the plain that was modeled in the dunes; and finally, 5.5% to hydromorphic units made up of marshes, lakes, and channels.
The sand plain of the Andalien River (type of accumulation relief) stands out for their importance in river flooding of the CMA. This plain is made up of a mixture of fine sand, silt, and clay that is in some cases associated with colluvial deposits that have a thickness of approximately three meters. These materials have moderate permeability, and large fluctuations in their water table. In the summer, the zone of saturation drops to three meters, and in winter we can find it close to or at the surface [78] . These variations increase susceptibility to urban flood and waterlogging processes. The sand plain of the Andalien River (type of accumulation relief) stands out for their importance in river flooding of the CMA. This plain is made up of a mixture of fine sand, silt, and clay that is in some cases associated with colluvial deposits that have a thickness of approximately three meters. These materials have moderate permeability, and large fluctuations in their water table. In the summer, the zone of saturation drops to three meters, and in winter we can find it close to or at the surface [78] . These variations increase susceptibility to urban flood and waterlogging processes. Table 4) . Of these units, four are accumulation reliefs, where the city increased by 951 ha, the units mainly being flood-prone due to their low altitude <8 m, such as the systems of the river quartz sand plain of the Andalien river (−538 ha), the sand dune plain (−350 ha), and the basaltic sand plain of Biobio River (−54 ha). Other changes established in 2011 show an increase in artificial fill soils zones destined for future urban expansion (41.5 ha) located on the quartz sand plain of the Andalien River, indicating that the trend of urbanization in these landforms continues. (Table 4) . Of these units, four are accumulation reliefs, where the city increased by 951 ha, the units mainly being flood-prone due to their low altitude <8 m, such as the systems of the river quartz sand plain of the Andalien river (-538 ha), the sand dune plain (-350 ha), and the basaltic sand plain of Biobio River (-54 ha). Other changes established in 2011 show an increase in artificial fill soils zones destined for future urban expansion (41.5 ha) located on the quartz sand plain of the Andalien River, indicating that the trend of urbanization in these landforms continues. Increase of the built-up area in the lower reaches of the Andalien River has caused a modification in the river drainage network, and a progressive increase in its exposure to the risk of fluvial flooding. In the period between 1943 and 2011 the Andalien River lost 18.4% of its bankfull channel (Table 5) . Fluvial section analysis indicated that the loss was concentrated in Reach-1 (mouth of the river to 6.2 km), where the channel decreased 50.3 ha. Conversely, Reach-2 (6.2 km to 15 km) increased its area 20.2 ha. The Nonguen stream (Reach-3) has presented major cycles of increasing or decreasing its area. During the period analyzed, the loss was 1.2 ha. In the period of 1998-2001 the increase of the bankfull area of Reach-2 and Reach-3 was linked to the deepening, dredging and construction of levees of the river that had taken place between 7 and 15 km, and extended to 3.2 km from the mouth of the river [59] . Table 5 . Evolution of the bankfull area (ha) of the main water courses in the lower reaches of the Basin. Numbers in bold indicate the minimum and maximum figure for each section of the drainage network.
Year
Reach Trend analysis carried out on bankfull area and total length on the different water courses between 1943 and 2011 showed that the total length of the river has decreased (Table 6 ) at a rate of −0.134 km/decade (p = 0.05), similar to the trend observed for the Nonguen stream (Reach-3) of −0.036 km/decade (p = 0.1). The decrease was highly significant in Reach-2 at −0.294 km/decade (p = 0.01), while Reach-1 had a growing trend of +0.152 km/decade (p = 0.05). In relation to the area containing the network of channels, it was observed that the bankfull area had decreased −3.008 ha/decade, with a higher intensity in Reach-1 of −6.324 ha/decade. The highest gain of bankfull area was found in Reach-2 of 3.864 ha/decade, which could be associated to structural mitigation measures.
In Figure 5 , an increase can be seen from built-up areas in the period 1943-2011. The correspondence was observed between the decrease in the bankfull area of the Andalien River (−18%) with the increase of reported urban surface area (357%). In addition, the increase of neighborhoods affected by flooding grew 150% in the period 1961-2011 [79] , which would be related to higher occupation of the floodplains since 1943 as reported in Figure 4 . 
Analysis of River Disasters
In the lower reaches of the Andalien Basin, 21 flood events have occurred from 1960 to 2010. The magnitude of such events and the number of neighborhoods affected sharply increased during the period of 2000-2012. The hazard level analyzed by the period of return presented a low hazard at T = 2, T = 5, and T = 10 years, while for T = 200 and T = 500 the danger level increased considerably. Analysis performed showed that hazardous areas increased by 286% between the scenarios that correspond to an extreme period of return (T) between two and 500 years ( Figure 6 ). By comparing Figures 3 and 6 , we can deduce that of the landforms, those mainly affected by the floods corresponded to the plain of Andalien River, the plain of Biobio River, salt marsh areas, dune zones, river vegetated islands, and estuary bars. In the extreme events of T = 100 to T = 500 early categories decreased to 80%, while the latter increased to approximately 20%. Furthermore, within the category of urbanized area, zones devoted specifically to residential, commercial, and industrial use were the most affected, 
In the lower reaches of the Andalien Basin, 21 flood events have occurred from 1960 to 2010. The magnitude of such events and the number of neighborhoods affected sharply increased during the period of 2000-2012. The hazard level analyzed by the period of return presented a low hazard at T = 2, T = 5, and T = 10 years, while for T = 200 and T = 500 the danger level increased considerably. Analysis performed showed that hazardous areas increased by 286% between the scenarios that correspond to an extreme period of return (T) between two and 500 years ( Figure 6 ). By comparing Figures 3 and 6 , we can deduce that of the landforms, those mainly affected by the floods corresponded to the plain of Andalien River, the plain of Biobio River, salt marsh areas, dune zones, river vegetated islands, and estuary bars.
Flooded areas amounted to 695 ha at T = 2, and 863 ha at T = 10 ( Figure 7) ; the maximum floodplain flow velocity and depth reached 0.65 m/s and 2.5 m, respectively. For T = 25, overflows spread to the upstream zone with the most urbanization and reached an affected area of 1083 ha. In these areas velocities of 0.35 m/s were reached at flow depths of approximately one meter. For T = 50 and T = 100 overflow zones of the channel were similar to those reported at T = 25, but with an extension of higher flooding (1143 ha and 1243 ha, respectively), velocity and maximum depths in areas with higher urbanization corresponded to 0.53 m/s and 1.5 m. For extreme events, T = 200 and T = 500, overflow areas significantly increased in built-up areas, reaching 1985 ha flooded at T = 500, with the maximum flow velocity and depth in floodplains reaching 0.55 m/s and approximately 2.1 m, respectively. The flooded area at high and extreme hazard levels increased significantly, comparing T = 2 and T = 500 at 373% and 1096%, respectively.
Changes were also seen in the relationship of the percentage of flooded areas according to land use, and the period of return (Figure 8 ). For T = 2, T = 5, and T = 10 the percentage of flooded non-urbanized land represented approximately 97.3%, and built-up areas reached approximately 2.6% of the flooded area. At T = 25 and T = 50 non-urbanized areas flooded reached approximately 89%, and urban approximately 11%. In the extreme events of T = 100 to T = 500 early categories decreased to 80%, while the latter increased to approximately 20%. Furthermore, within the category of urbanized area, zones devoted specifically to residential, commercial, and industrial use were the most affected, having 15 ha flooded at T = 2, and up to 374 ha at T = 500. Meanwhile, areas for institutional services were relatively stable for the scenarios analyzed.
Sustainability 2017, 9, 195 12 of 20 having 15 ha flooded at T = 2, and up to 374 ha at T = 500. Meanwhile, areas for institutional services were relatively stable for the scenarios analyzed. having 15 ha flooded at T = 2, and up to 374 ha at T = 500. Meanwhile, areas for institutional services were relatively stable for the scenarios analyzed. Regarding vulnerability analysis, were five categories of total vulnerability found in 3130 ha. 55% of the area showed very low vulnerability, which corresponded to areas without urban use, such as wetlands, vacant lots, and areas of low productivity ( Figure 9 ). Areas of low vulnerability, including areas with sports facilities and venues, along with road networks was represented at 17%. The categories of moderate, high, and very high vulnerability accounted for 21%, 5%, and 2% of the area, respectively, and all were located in urbanized areas. Risk level increased in direct proportion to the period of return (Figure 10 ). For T = 2, T = 5, and T = 10 it was estimated that 88% of the area was at a low level of risk, 8% was exposed to moderate risk, and 4% to high and extreme risk. At the intermediate levels of T = 25 and T = 50 the amount of area at low and moderate risk was 72% and 13%, respectively, while the high/extreme levels amounted to 15%. For extreme events between T = 100 and T = 500 risk levels were 52%, 28%, and 20% for categories low, moderate, and high/extreme, respectively. Regarding vulnerability analysis, were five categories of total vulnerability found in 3130 ha. 55% of the area showed very low vulnerability, which corresponded to areas without urban use, such as wetlands, vacant lots, and areas of low productivity ( Figure 9 ). Areas of low vulnerability, including areas with sports facilities and venues, along with road networks was represented at 17%. The categories of moderate, high, and very high vulnerability accounted for 21%, 5%, and 2% of the area, respectively, and all were located in urbanized areas. Regarding vulnerability analysis, were five categories of total vulnerability found in 3130 ha. 55% of the area showed very low vulnerability, which corresponded to areas without urban use, such as wetlands, vacant lots, and areas of low productivity ( Figure 9 ). Areas of low vulnerability, including areas with sports facilities and venues, along with road networks was represented at 17%. The categories of moderate, high, and very high vulnerability accounted for 21%, 5%, and 2% of the area, respectively, and all were located in urbanized areas. Risk level increased in direct proportion to the period of return (Figure 10 ). For T = 2, T = 5, and T = 10 it was estimated that 88% of the area was at a low level of risk, 8% was exposed to moderate risk, and 4% to high and extreme risk. At the intermediate levels of T = 25 and T = 50 the amount of area at low and moderate risk was 72% and 13%, respectively, while the high/extreme levels amounted to 15%. For extreme events between T = 100 and T = 500 risk levels were 52%, 28%, and 20% for categories low, moderate, and high/extreme, respectively. Risk level increased in direct proportion to the period of return (Figure 10 ). For T = 2, T = 5, and T = 10 it was estimated that 88% of the area was at a low level of risk, 8% was exposed to moderate risk, and 4% to high and extreme risk. At the intermediate levels of T = 25 and T = 50 the amount of area at low and moderate risk was 72% and 13%, respectively, while the high/extreme levels amounted to 15%. For extreme events between T = 100 and T = 500 risk levels were 52%, 28%, and 20% for categories low, moderate, and high/extreme, respectively. The moderate, high, and extreme risk was concentrated in urban built-up areas for the different periods of return ( Figure 11 ). Population at risk for a flood at T = 2 years was equivalent to 1903 people living in 901 homes, where 91 people were over 65 years, and 25 were disabled (Table 7) . For the most extreme event evaluated, T = 500, more than 10,000 homes and approximately 40 thousand people could be flooded, of which 2469 would be 65 years or older, and 393 disabled. The moderate, high, and extreme risk was concentrated in urban built-up areas for the different periods of return ( Figure 11 ). Population at risk for a flood at T = 2 years was equivalent to 1903 people living in 901 homes, where 91 people were over 65 years, and 25 were disabled (Table 7) . For the most extreme event evaluated, T = 500, more than 10,000 homes and approximately 40 thousand people could be flooded, of which 2469 would be 65 years or older, and 393 disabled. The moderate, high, and extreme risk was concentrated in urban built-up areas for the different periods of return ( Figure 11 ). Population at risk for a flood at T = 2 years was equivalent to 1903 people living in 901 homes, where 91 people were over 65 years, and 25 were disabled (Table 7) . For the most extreme event evaluated, T = 500, more than 10,000 homes and approximately 40 thousand people could be flooded, of which 2469 would be 65 years or older, and 393 disabled. T2  1903  901  91  25  T5  3687  1412  240  49  T10  5505  1883  312  68  T25  9722  2997  442  119  T50  15,780  4658  838  192  T100  23,240  6306  1343  363  T200  24,898  7101  1425  393  T500 39,283 10,570 2469 717
Discussion
The built-up area of the CMA in the lower reaches of the Andalien Basin increased by 1457 ha in the last 68 years, an increase characteristic of coastal areas that have come to hold 50% of the world's population [14, 80] . Urban growth concentrated in 65% of the surface of accumulation reliefs, which are exposed to floods. Of these, 538 ha are located on the Andalien River floodplain. In fact, the accumulation reliefs recorded the highest hazard rates for flood risk in the city of Concepcion, due to their altitudes of <8 m, and slopes of less than 0.5 • [43] .
The occupation of the accumulation reliefs with higher risk of flooding in the Basin is associated with an increase in the exposure of infrastructures and people, in addition to the modifications in the river drainage network, which when decreasing their bankfull area, produce floods that are more frequent. This could be the direct explanation of the increase in neighborhoods affected by flooding events, which rose from an average of two per decade between 1960 and 1999, to 5.5 between 2000 and 2012 as reported in Rojas [79] . Our results are consistent with what is occurring globally, where urban flood damage is found to be increasingly intense, expensive, and unwieldy [81] . Worldwide, economic losses due to floods in the last ten years are ten times higher than those reported in 1960 [82] . Similar results were obtained in Europe, where the study of floods for the period of 1970-2005 showed 2000 and 2002 as recording the worst floods in 36 years, in relation to the damage produced [83] .
However, the expansion of cities is part of development, and problems arise due to rapid urbanization without proper planning, which in turn increases vulnerability and exposure to risk due to the occupation of the floodplain [29, [83] [84] [85] . In a study carried out in various districts of Latin American cities, it was deduced that in different cities, exposure to floods increased, and mostly in areas of low and mid-range [17, 37] . This situation was repeated in our study area, showing an urban population that was vulnerable to flooding. In Noida, India, it was found that the urban development of 189 sectors during the last half of the twentieth century had increased small floods by 200%, signaling the growth of exposed areas and changes of flow rates as possible causes [15] .
The hydraulic modeling carried out showed relative stability in relation to the small floods that occur at the period of return of two, five, and 10 years. Damage was concentrated in areas with low urbanization, corresponding to 100% of Reach-1 (mouth of the river to 6.2 km) and part of Reach-2. The concentration of damage in Reach-1 can be explained by the 50.3 ha loss of bankfull channel area in the period analyzed. For their part, the overflows in Reach-2 of the river may be related to the increased area of the bankfull channel by 20.2 ha, explained by flood management post-2006 which consisted in structural mitigation such as widening, channeling, and deepening the channel to generate new sections of the Andalien River and the Nonguen Stream [59] .
Flood management through structural means post-flood 2006 allowed a decrease in the possibility of future flooding, which are now produced at a return period of 500 years, changing the frequency of downstream floods. This type of measure is a fundamental support for policies oriented at reducing risk in Chile, and have been applied in other zones of the CMA [43] . However, this does not mean the complete elimination of hazard in the area. As indicated by Gomes et al. [3] ; Tingsanchali [4] ; Liao et al. [7] ; and Kumar [68] , the sensation of security generated by these public works tends to attract more people to the river. However, the possibility of another major flood event outside the capacity of the design could destroy defenses, putting more people and property at risk than before.
Chilean urban planning permits urbanization in zones defined as at risk or of natural interest, such as wetlands, that are not total protected under current environment legislation. The latter implies that, if non-urbanized sites (wetlands, riverbeds) are designated for residential purposes, it is likely that the high level of investment for flood control will be insufficient. This, in turn, will generate new risk areas due to the expansion of cities, such as the case of the Mississippi River [86] . This dynamic was expressed in the analyzed period, where urbanization had taken place in a dispersed manner in areas that had ecosystem services to mitigate flooding [49] . The aggregate of these diverse mechanisms is an unsustainable housing model that has not considered natural spaces of the river during floods. In part, new development projects are taking place within the flood plain, which consist of single family homes valued at over $100,000 USD. These areas are potentially susceptible to flooding, with a return period of 100 years.
In this sense, areas with low topography from the river system have been converted into an important factor in higher flood risk, given that it eliminates the flood plains, as has happened in the Andalien River [87] . Our recommendation follows international experiences where the magnitude of impact can be reduced through flood management that involves structural and non-structural means [13, 17, 85, 88] . Experience shows that a structural-only approach (barriers, canalizations) is insufficient. It has been shown that a non-structural approach can have high impact (river protection zones, wetlands, river restoration, flood and risk mapping). In the CMA, it is still possible to identify areas that can be used for this purpose such as extensive wetlands, which are at risk due to real-estate development. These considerations are a good tool for planners and those responsible for the formulation of future urban policy, while at the same time being able to determine the degree of impact of a flood is useful evidence for the development of these urban policies [13, 22, [89] [90] [91] [92] .
Conclusions
In the lower reaches of the Andalien River, increase of the built-up area by 1457 ha over the last 68 years has caused a modification of the drainage network, and a progressive increase in the risk of river flooding in geomorphological units susceptible to these processes. The city saw 65.3% growth in the accumulation relief area (quartz sand plain of Andalien River; sand dune plain and basaltic sand plain of Biobío River), mainly being flood-prone due to their low altitude at <8 m and slopes less than 0.5 • . Furthermore, gradual growth of the city over time modified the drainage network. The Andalien River lost 50.3 ha from its bankfull channel in the lower reaches and increased 20.2 ha upstream, resulting in a net loss of −18.4% of its area.
Hazard analysis performed showed that areas increased by 286% between the scenarios corresponding to a period of return (T) between 2 and 500 years. Urban expansion that has been carried out is vulnerable to future flood events, for example, the area devoted to residential, commercial, and industrial use has increased its flood surface area by 15 ha at T = 2 to T = 374, and at T = 500 the number of people in the affected area increased by 37,380. These figures are expected to continue to rise due to building projects present in the sand floodplain of the Andalien River. For extreme events between T = 100 and T = 500, risk levels were 52%, 28%, and 20% for low, moderate, and high/extreme categories, respectively. For the most extreme event, evaluated at T = 500, more than 10,000 homes and approximately 40 thousand people could be affected by flood, of which 2469 people correspond to a population aged 65 years or older, and 393 would be disabled.
Flood management by the Chilean government since 2008 has reduced the risk of small flooding for events with a return period of two, five, and 10 years. However, for high periods of return, such as T = 500, the risk level remains high, in which case the flooded area would be similar to the extreme flooding event that occurred in 2006. For this reason, is necessary to rethink and improve urban planning and the response of Chilean cities in relation to flood hazards. While we recognize the importance of a reactive approach, there is an urgent need for proactive guidance to manage flood risk. In this sense, some useful measures include the preservation, maintenance and creation of green infrastructure within cities (mitigation parks and greenbelts). Additionally important is the active and integrated participation from societal actors and governmental institutions with the principles of sustainable urban development in harmony with the natural and built environment.
